Time-series analyses of daily mortality or morbidity have shown statistical associations with air pollution in cities throughout the world. Physiologic/toxicologic mechanisms of these phenomena remain unknown, and time-series analyses have not clearly linked specific pollutants with specific health outcomes (1) (2) (3) ; thus, their application to pollution-control policy decisions remains controversial (4) . Combustion-related particulate matter, the only pollutant common to virtually all locations of time-series studies, has been the focus ofscientific and regulatory attention (1, 2, (4) (5) (6) . However, recent studies in a number of North American cities also associate cardiovascular and/or pulmonary disease incidence with pollutant gases such as carbon monoxide, nitrogen dioxide, and/or ozone (7-14. Where they are not highly correlated, gas and particulate pollutants appear to have separate statistically and medically significant influences on cardiopulmonary morbidity (9,11,14M. The Los Angeles metropolitan area has been studied relatively little by time-series analysis, but is a good candidate for study because of its large diverse population (a 14 million); detailed monitoring of air quality and hospital admissions; mild climate, which should limit confounding of pollution effects by weather stresses; and severe but widely variable air pollution (with maximum levels of primary pollutant gases, secondary photochemical oxidant gases, and particulate pollution occurring at somewhat different times and places). Powerful tests of pollution effects should be possible in the entire metropolitan population and in subpopulations defined geographically, demographically, or clinically. We hypothesized that regional and/or seasonal differences in time-series analysis results in the general population and/or in particular subgroups, would allow us to distinguish effects associated with primary pollutants (CO or NO2), photochemical oxidants (03), or particulate matter more clearly than has been possible elsewhere. If so, we could rank these categories of pollution in terms of their public health impact, and thus provide useful guidance for regulatory policymaking and for future research on mechanisms. To test this hypothesis, we analyzed daily admission data for 1992-1995 from the South Coast Air Basin (Los Angeles, Riverside, San Bernardino, and Orange Counties in California, excluding mountain and desert regions of the first three counties) in relation to daily levels of CO, NO2, 03, and particulate matter < 10 pm in aerodynamic diameter (PM0O).
Methods
Data acquisition and management. After its institutional review board verified confidentiality protection, the California Office of Statewide Health Planning and Development (OSHPD) (Sacramento, CA) provided records of hospital admissions in the metropolitan counties for 1992-1995 (the only years with adequately comparable PM10 data). The records included hospital identifier, date, principal and additional diagnoses as International Classification ofDiseases (ICD; World Health Organization, Geneva) codes, All-Patient-Refined Diagnosis-Related Group (APR-DRG; 3M Inc., Murray, UT)-a broader classification based on Medicare diagnosis-related groups, sex, age, ethnic group, and residence zip code. Daily counts after 21 December 1995 were excluded from analysis because the records for numerous patients not discharged until 1996 were missing, and all 1995 data were excluded from ethnic-group analyses because of changes in OSHPD ethnic classifications. Broad principal-diagnosis categories used in analyses were cardiovascular (APR-DRG 103-144); cerebrovascular (APR-DRG 14-17 and 22); pulmonary (APR-DRG 75-101); and abdominal-a negative control category thought to be unrelated to pollution (APR-DRG 146-207). More-specific principal diagnoses, thought likely to associate with air pollution on the basis of previous epidemiologic or toxicologic evidence, were also analyzed: congestive heart failure (CHF) (APR-DRG 127); myocardial infarction (APR-DRG 1 PM0o monitoring stations (Figure 1) . A region consisted of all zip codes that had a majority of their area closest to its station, except that some western coastal zip codes, which were separated from their closest station (region 1) by mountains, were assigned to region 2 to better represent their air quality. Admitted patients were assigned to regions by their residence zip codes. We excluded the 6.7% with zip codes missing or outside the South Coast Air Basin from regional analyses. We determined pollutant gas concentrations and temperatures for each region by averaging across all monitoring stations within it. Missing air monitoring data (17) . The different approaches yielded similar conclusions when considering cardiovascular diseases. Polynomial-distributed lag models showed the largest significant effects consistently at lag 0, and effects beyond lag 1 were nearly always nonsignificant. Therefore, we adopted Poisson regression as the primary analytical tool. Predictors of daily admission counts included basis variables of a cubic-spline smooth on time (which accounted for secular trends and seasonal variation); indicator variables for the day of the week and for weekday holidays; indicator variables for hot days (maximum temperature > 85th percentile for entire study period), cold days (minimum temperature < 15th percentile), and rain days (> 0.01 inches at the Los Angeles International Airport); continuous atmospheric variables (one or more pollutant concentrations, barometric pressure, and mean temperature); and an autoregressive term-the residual admission count at lag 1, determined in a preliminary regression including all other predictors. Seasonal variation was more complex for pulmonary diseases than for others, probably because the timing and intensity of winter infectious disease outbreaks varied from year to year. Thus, cubic splines were determined at 28-day intervals when smoothing pulmonary disease counts, and at 4-month intervals otherwise.
Results
Seasonal air quality and hospital admissions. primary pollutants on days with high cardiovascular or pulmonary admissions; PMIO also was associated with high abdominal admissions in the spring. 03 was increased (along with the other pollutants) on days with high pulmonary admissions in spring and summer, the seasons of the highest mean 03 concentrations (Table 1) . By contrast, 03 was decreased on days with high cardiovascular admissions in the winter, when 03 was generally low and negatively correlated with the other pollutants. Table 4 shows mean weather and pollution conditions on days of high and low cardiovascular admissions in the winter and summer for the contrasting southern coastal region 4 and eastern inland region 6. In the summer, pollution (except for CO) and heat were markedly greater in region 6, but there were no clear pollution or temperature differences between high-and low-admission days in either region. In the winter, CO was markedly higher in region 4, and other regional differences were modest. In region 4, winter high-admission days had significantly higher temperature, barometric pressure, CO, NO2, and PM1O, and significantly lower probabiliy of rain, than low-admission days. In region 6, these tendencies were less obvious, but CO and NO2 were significantly elevated on the days preceding high-admission days. In similar analyses of pulmonary diseases (not tabulated), we found only a few significant associations with high admissions: high same-day PMIO in region 4 in the winter, Analyses of admission counts in broad disease categories. Table 6 illustrates the sensitivity of results to the choice of regression procedure and model for the cardiovascular disease/CO relationship in the winter and the pulmonary disease/03 relationship in the spring. Across a broad range of models with and without weather and other pollutants as predictors, 'High-and low-admission days (> 85th and < 15th percentiles, respectively) are determined by residuals from regressions accounting for temporal effects (see text). A significant increase in atmospheric variables on high-admission days relative to low-admission days land/or the immediately preceding days) is indicated by +; a significant decrease by-. the change in atmospheric measurement from the preceding day was significantly more positive on high-than lowadmission days, alfthough values measured on high and low days were not significantly different 'For pulmonary diseases in winter, high-admission days' increases in NO2, PM,,, and high temperature approached significance (p < 0.10).
%or abdominal diseases in winter, high-admission days' increases in CO approached significance (p < 0.10). Table 3 for definition of high-and low-admission days. bMeasured at the Los Angeles International Airport, closer to region 4 than region 6. Other measurements made within the indicated region. *Significant (p < 0.05) differences. **Although this difference did not reach significance, the difference between days immediately preceding high-and low-admission days was significant (p < 0.05). VOLUME 108 NUMBER 5 May 2000 * Environmental Health Perspectives B[, the estimated winter CO effect was always significant and was reasonably consistent in size. None of the other pollutants' effects was significant when included in a model with CO. The spring 0 effect on pulmonary admissions was significant when 03 was the only atmospheric factor in the model, predicting a 1.5% increase in admissions for a 1-pphm increase in daily mean 03 concentration. However, the 03 effect was nonsignificant if the model included weather and/or other pollutant variables. Interpretation of these findings is complicated by collinearity and by possibly different characteristics of exposure measurement error for different pollutants (19) . Nevertheless, it seems dear that in the winter, CO was the analyzed atmospheric factor that was most closely linked with excess cardiovascular morbidity. In the spring, 03 was the pollutant most closely associated with excess pulmonary morbidity; however, morbidity was still more closely associated with warm temperatures, and all four pollutants tended to rise with temperature, making interpretation difficult.
Because diabetes mellitus is an important risk factor for cardiovascular disease, we reanalyzed cardiovascular admissions separately for diabetics (all of those with ICD code 250 entered among four additional diagnoses in the record; approximately 20% of all patients) and for others, using the autoregressive Poisson model. In year-round analyses, the slope ± SE was 0.039 ± 0.006 for diabetics as compared to 0.031 ± 0.004 for others.
Year-round analyses of NO2 and PMIO effects showed similar modest slope increases for diabetics, as did single-season analyses. None of the slope differences between diabetics and others was statistically significant.
Analyses ofcardiovascular disease admission counts by age, sex, and ethniity. > 30 years of age in four ethnic categories-white (non-Hispanic), black, Hispanic, and other. The other category indudes people of AsianPacific ancestry (the large majority), Native Americans, and others not dassifiable in the first three groups. 03 effects (not tabulated) were never significant. Regression coefficients, though not significantly different, suggested meaningful ethnic differences in exposure-response relationships. CO, NO2, and PM0O effects were significant in whites in yearround, winter, and autumn analyses. In blacks, CO and NO2 effects were significant year-round (also in the winter for CO) and were similar to these effects in whites. CO and NO2 effects in Hispanics were significant yearround but were smaller than these effects in whites and blacks. The remaining (other) category, with a relatively small number of admissions, showed consistently small and nonsignificant regression slopes.
Analyses ofadumission counts for more specifi diagnoses. Figure 2 ). By OLS regression allowing for analyses, slopes ± SEs were 0.036 ± autocorrelation, a wintertime 1-ppm rise in 0.016/ppm CO, 0.024 ± 0.008/pphm NO2, CO predicted a 9-pg/m3 rise in PM10 in and 0.0011 ± 0.0006/pg/i3 PM -all sig-region 4, but a 25 pg/m3 rise in region 6. In nificant (p < 0.05) and appreciably larger single-pollutant autoregressive Poisson modthan the slopes in adults > 30 years of age. els, region 4 showed highly significant rela-0 effects were nonsignificant. Most of the tionships between PMIO and admissions, almitted patients in this youngest group year-round and in the winter, despite its low were children: the mean age was 7.
PM10. In region 6, despite its high PM1O, Relationships of cardiovascular disease regression slopes were significantly lower admissions to CO or PM10 in the two most than in region 4, and were not significantly contrasting regions. Table 10 presents different from zero. Admissions showed a comparative statistics for cardiovascular more plausible relationship with CO across Table 5 for explanation of regression procedure and coefficients. bAnnual mean daily admission count ± SD, for patients . 30 years of age. C03 results not tabulated; none was significantly positive. *Year-round relationship significant, p < 0.05. would be to overestimate effects of the modBecause estimated CO effects were similar in eled pollutant and underestimate total effects various single-and multipollutant models of pollution (12) . Thus, effects we associated that accounted for seasonal and weekly with CO might be at least partly due to cycles, more complete modeling of weather covarying gases (e.g., oxides of nitrogen) or to or temporal effects should not change the particulate substances. Similarly, incomplete conclusions concerning CO. By contrast, accounting for lagged effects would likely estimates of 03 effects were highly sensitive result in overestimated effects of very recent Table 5 for explanation of regression procedure and coefficients. bAnnual mean daily admission count ± SD for patients 2 30 years of age. 0See text concerning asthma in patients < 30 years of age. *Year-round relationship significant, p < 0.05. (14) .
Conclusion
In general, our results from metropolitan Los Angeles appear consistent with reports from elsewhere (7) (8) (9) (10) (11) (12) that day-to-day increases in urban CO (30) , whites usually showed the largest pollution-related effects on cardiovascular disease. Effect sizes in blacks, the minority group generally at greatest risk for cardiovascular disease, were similar to those in whites, whereas effect sizes were generally smaller in Hispanics and undetectable in the other (predominantly Asian) ethnic category. Definitive interpretation would require evaluation of ethnic differences in exposure, susceptibility, and access to hospitals. On average, 03 exposures in the basin appear higher for whites than for blacks or Asian/Pacific Islanders (31 
